We have fitted Gompertz, Weibull, and two-and three-parameter 
A MAJOR characteristic of aging is the rapid increase of death rate with increasing age. Benjamin Gompertz noticed already in 1825 that mortality rate increased exponentially with age in human populations, and this model has since been found applicable to other species that undergo senescence as well (1) . However, recent studies using very large experimental populations reported that a small proportion of the population consistently lived longer than predicted by the model. Smith (2) called these longevity outliers. For the genetically heterogenous populations of medfly (3) , Drosophila melanogaster (4), bean beetles (5-7), Caenorhabditis elegans (8) , and the human population (9) (10) (11) (12) , a likely explanation is that frail genotypes die first, followed by the more robust. This interpretation cannot be used to explain the leveling off of mortality at older age in highly inbred strains of D. melanogaster (4, 13) and isogenic strains of C. elegans (14) , however; and it has been suggested that individual risk factors may be responsible for the deaths of these longevity outliers (13) , or that the force of senescence may fade away for some unknown reason at very old age. This would imply that the classic Gompertz model does not accurately, at least at old age, describe age-specific mortality (3) .
During the past two decades, the free-living nematode species C. elegans has gained wide acceptance as a suitable model system for basic aging research (15) . This small worm (approximately 1 mm in length) is easily propagated in axenic culture or on a bacterial diet with a life span of 2-4 weeks, depending on the culture conditions. C. elegans is a self-fertilizing hermaphrodite species, thus allowing rapid isolation of isogenic strains. Males arise spontaneously at low frequency as a result of meiotic nondisjunction. They are able to cross-fertilize the hermaphrodites, thereby permitting genetic analysis. Thousands of mutant alleles have been isolated including several that alter longevity.
Mutations in the genes age-1 and daf-2 increase life span by 65% and 100%, respectively; and mutation in daf-12, which has no effect on longevity by itself, can quadruple life span in daf-2; daf-12 doubles (16) (17) (18) . Survival analyses has mostly been done using worms that were grown and allowed to age on a bacterial diet. In one older study, exponentially increasing death rates (Gompertzian kinetics) were observed for aging isogenic populations of C. elegans, and the long-lived age-1 strain was characterized by a lower Gompertz rate of aging (19) . Brooks and colleagues (8) confirmed that mortality increased exponentially in an isogenic strain of C. elegans, using a very large cohort of 180,000 worms, but in a later reappraisal of the data, it was concluded that mortality rather followed a biphasic pattern, with death rates increasing more slowly at older ages, a pattern typical of genetically heterogenous populations (14) .
Fits of survival functions to survival data may provide valuable information to unravel the mechanism of aging. For example, the Gompertz model assumes that mortality rate ever increases with age, driven by the exponential rate of aging parameter, which is thought to reflect the genetically determined species-specific force of senescence (19) . A slowing of death rate at older ages would disclose the existence of hitherto unsuspected regulatory mechanisms acting very late in life, thereby posing considerable problems about their evolution. However, the Gompertz model is a mere empirical approach, and other equations have also been proposed to fit survival data. The Weibull (20) allows mortality increases to weaken at older ages. In the two-parameter logistic survival model, mortality rate first increases, but decreases again at advanced age. In addition, Wilson (21) showed that survival data may be best fit by different equations following changes due to environmental or genetic modification.
We have examined survival of isogenic strains that are phenotypically wild-type or mutant for life span. We find that the logistic equation yields superior fits to the nematode survival data. Mean life span is genetically determined, with individual life spans representing statistical fluctuation around the mean. Mutations that specifically affect life expectancy alter mean life span but do not appear to affect the distribution function.
MATERIALS AND METHODS

Strains and Culture Methods
Axenic culture medium was prepared as follows. A basal medium containing 3% (w/v) soy peptone and 3% (w/v) yeast extract was autoclaved for 20 minutes at 121 °C. A 5% (w/v) solution of hemoglobin (Hb; Serva, Germany) in 0. LG II: dpy-2(e8); LG III: unc-86(el416). The TJ and JT strains were obtained from T. E. Johnson (Boulder, CO) and James Thomas (Seattle, WA), respectively. The other strains were obtained from the Caenorhabditis Genetics Center. Phenotypes are abbreviated as follows: Age (extended life span), Daf-c (constitutive dauer formation), Daf-d (defective dauer formation), Dpy (dumpy, short body), Fer (fertilization defective), Unc (uncoordinated movement), ts (temperature-sensitive).
Isolation of Cadmium-Resistant Mutants
Sterile technique was used throughout. Approximately 100,000 fourth stage larvae were treated with 50 mM ethylmethanesulfonate (EMS) in M9 buffer for 4 hours at 20°C, as recommended by Sulston and Hodgkin (22) . After treatment, the worms were washed twice with M9 buffer and allowed to resume development on 9-cm Nutrient Agar (NA) (Life Technologies, Paisley, Scotland) plates seeded with E. coli 9001. The NA plates were prepared by adding 23 g of NA and 1 ml of cholesterol stock solution (5 mg/mL in ethanol) per liter of distilled water. After autoclaving (121°C, 15-20 minutes), 25 mL of 1 M potassium phosphate (pH 6.0) was added per liter. The gravid adults were treated with alkaline hypochlorite (22) to obtain the Fl embryos. The released eggs were washed three times and allowed to hatch in M9 buffer at 16°C. The age-synchronized LI larvae were then transferred to NA plates seeded with E. coli 9001 and incubated at 16°C. Because the populations were usually very large, the larvae were washed off the plates after they had completed the second molt, and grown to adulthood in Fernbach flasks containing 200 ml. sterol-supplemented S buffer and approximately 10'° E. coli cells/mL. Additional cells were later added as needed. Gravid Fl hermaphrodites were chloroxed and washed as previously described, and the F2 embryos were suspended in axenic medium containing 50 ug/mL chloramphenicol and 0.3 mM cadmium acetate. The volume of the culture medium was adjusted to obtain larval densities not exceeding 50,000/mL, and 10-mL aliquots were added into 9-crn Petri dishes. It took about 1 week for fer-15(b26) newly hatched larvae to grow to adulthood in axenic medium at 16°C. In the presence of 0.3 mM cadmium acetate, growth of nonresistant larvae was strongly impaired, most of them arresting at the LI or L2 stage. Thus we screened for worms that had developed to the fourth larval or adult stage after 10 days of continuous exposure to the metal. In practice, one to five candidate mutants per Petri dish were picked and transferred singly to 5-cm NA plates seeded with E. coli and incubated at 16°C. As the populations increased, they were transferred to 9-cm plates. Finally gravid adults were freed from small larvae and the bulk of bacteria by gravitation and chloroxed. The newly hatched juveniles were grown in axenic medium containing no cadmium, 0.2 mM, 0.3 mM, and 0.4 mM cadmium acetate for 2 weeks at 16°C. The resulting population profiles, i.e., the relative proportions of LI, L2, L3, L4, virgin, and gravid adults were determined for each concentration of cadmium as a measure to assess cadmium-resistance.
This screen was repeated once more, followed by two more rapid screens using a bacterial diet. Briefly, agar plates were prepared comprising 1.5% agar in S buffer, 5 ug cholesterol/rnL, and 0.2 and 0.3 mM cadmium acetate or cadmium-free controls. Newly hatched larvae and a thin film of thawed E. coli cells from a frozen suspension of equal volumes of cells and S buffer were added onto the agar surface. The resulting populations were again evaluated after 1 and 2 weeks of growth at 16°C. Thirty-five lines (designated jrl~jr40) passed all screens and were classified as cadmium-resistant lines.
Construction of the age-1 fer-15;daf-2 Strain fer-15(b26ts) hermaphrodites lay unfertilized oocytes when raised at 25°C. At this temperature isochronous aging cohorts can be maintained in the absence of chemicals such as 5-fluorodeoxyuridine (FUdR) that effectively suppress reproduction but may have other unknown effects. Because this mutation is also closely linked to age-1 and has little or no effect on life span (19), we preferred its presence in our constructions. We first constructed a dpy-2;daf-2 double and age-1 fer-15;unc-86 triple mutant strain. dpy-2;daf-2 hermaphrodites were then mated to age-1 fer!5;unc-86 males using a 1:10 ratio to overcome the low male mating efficiency. Heterozygous Fl progeny were allowed to generate F2 progeny. Young non-Dpy, non-Unc F2 hermaphrodites were transferred singly to fresh plates at 15-17°C. F3 populations comprising non-Dpy, non-Unc segregants exclusively, were putative age-1 ferl5;daf-2 mutants. These were then scored for the simultanous presence of the Fer and Daf-c phenotypes. The presence of age-1 was confirmed by progeny testing after backcross with age-I(hx546) males. All Fl offspring from this cross were Dafc at 27°C.
Life Span Assessment
Eggs were collected during late afternoon and allowed to hatch overnight in 5 mL axenic medium in a 5-cm Petri dish or a 25-cm 2 tissue culture flask at room temperature (22-23°C). In earlier experiments we collected egg masses that were formed in axenic populations. In later experiments eggs were routinely obtained by dissolving gravid hermaphrodites with alkaline hypochlorite (22) , followed by two to three washes with sterile S buffer, and finally suspension in axenic medium. The following morning was then defined as zero time. The cultures were incubated at the experimental temperature, mostly 25°C for 4-5 days, to allow development to the mature stage. Worms were then transferred to small srew-cap (12 X 75 mm) culture tubes containing 0.3 mL of fresh axenic medium, using Pasteur pipets. Each tube received three individuals and care was taken to transfer healthy worms and to maintain aseptic conditions. After transfer, the actual number of worms was checked by visual inspection of each tube using a dissection microscope. The tubes were examined for survival at convenient time intervals, mostly every 2-3 days. Progeny production was avoided by using ts mutants, or by adding FUdR (50 uM final concentration) to the culture medium shortly before the onset of maturation. In the latter case, FUdR was also added to the culture medium used for assessing survival. Addition of FUdR shortly before maturation had no visible effect on normal development and was 100% effective in blocking reproduction. Both approaches were fairly effective; few progeny were produced and these were removed using a Pasteur pipet. Strains having mutant alleles of daf-2 are not ts-sterile, but they produced very few progeny in axenic culture at 25°C, still permitting their individual withdrawal. A similar technique was applied to N2 a few times, but in this case the adults, rather than their progeny, were successively transferred to fresh medium until they became postreproductive. To avoid dauer formation or growth arrest of strains containing mutant alleles of daf-2 or daf-2;daf-12 doubles, the newly hatched juveniles were initially incubated at 15-17°C, and shifted to 25°C after they had passed the L2 stage.
In most experiments survival was assessed at 25°C. In a few more recent experiments, the cultures were shifted back to room temperature (22-23°C) at the end of the reproductive period (about 2 weeks of age) because of our concern that 25°C imposed thermal stress. Dead worms were not removed, but their occurrence was scored and marked on the tubes. Worms killed by hatching of progeny were not counted.
Data Analysis
The Gompertz (23) model assumes that the force of mortality increases exponentially with time. The hazard (agespecific mortality rate) function has the form (24):
This mathematical form indicates that the slope and intercept parameters are not fully independent. A more common form (1) of this equation is:
where m(r) is the mortality rate at age t and G is the Gompertzian mortality rate coefficient. A o is the initial mortality rate for t = 0 (extrapolated to birth). In order to account for the frequently observed higher death risk during childhood, which is unrelated to the aging process, A o can be calculated at the age of maturity (1). The corresponding survival fuction is:
The Weibull model describes hazard as a power function of time. Standard forms of the hazard function, based on references 25 and 24, respectively, are:
Other mathemical forms, e.g., based on references 1 and 4, respectively, are also currently used:
We have used the mathematical form of the Weibull function implemented in Excel (Microsoft, Redmont, WA). The mortality (hazard) function is:
and the corresponding survival function is:
A family of logistic equations can be used to describe a more complex modulation of mortality rate as a function of time. We have used Wilson's (21) two-and three-parameter equations. The mortality functions for two-and threeparameter logistics, respectively, are:
If b is very large relative to a, the latter equation reduces to the Gompertz model:
The survival functions for two-and three-parameter logistics, respectively, are:
The meaning of the various parameters in terms of survival characteristics and force of mortality can be illustrated by computer simulations (Figure 1 ). The parameters G (Gompertz), a (Weibull), b (two-parameter logistic), and k (threeparameter logistic) are all slope parameters describing the force of mortality and the steepness of the survival curves. Ao (Gompertz) and a (three-parameter logistic) denote the initial mortality, and b (Weibull) and c (two-parameter logistic) are related to mean life span. Parameter b of the three-parameter logistic equation defines a maximum mortality rate and thus describes the old age-specific reduction of the age-dependent increase of mortality rate (extending the tail of the survival curve). The time unit for the measurements is days. Observations on counts were usually made with 2-3-day intervals and deaths were assumed to have occurred at the midpoint of interval. A nonlinear least squares approach (MarquardtLevenberg algorithm, implemented in SigmaPlot, Jandel Scientific, San Rafael, CA) was used to fit the four survival equations directly to the survival data expressed as percent survivorship. The curve parameters and their standard error values were generated by the algorithm. As goodness of fit test, we have calculated error values as proposed by Wilson (21):
where SSR equals the sum over all time intervals of the squares of the differences between the calculated and actual survival values, and n represents the number of time intervals. They are scaled between 0 and 100 rather than 0 and 1 as a result of our fitting percent survivorship. The mean error values calculated for the four types of curves were logtransformed and checked for normal distribution (Kolmogorov-Smirnov) and homogeneity of variances (Bartlett's test). They were then analyzed using a repeated-measures analysis of variance (ANOVA) followed by a Tukey test (26 Age (days) Table 2 ). Note that the b parameter value of the three-parameter logistic defines maximum mortality rate. At high values of b the Gompertz and three-parameter logistic equations provide identical fits. Ln = natural logarithm.
vival data sets taken at random from Table 1 , but we have never found changes of best fits. Table 1 reports fits of the Gompertz, Weibull, and twoand three-parameter logistic equations to a survival data set generated over the past 8 years. The entire set comprises 78 survival experiments using genotypes that are wild-type with respect to life span, and genotypes that carry single or double mutations affecting life expectancy. The simultaneous presence of a mutation in fer-15 confers sterility at 25°C, thus preventing contamination with progeny. Worms carrying no conditional sterility mutation reproduce abundantly (being hermaphrodites), necessitating manual separation of the progenitors from their offspring, which is prohibitively inconvenient on a large scale, otherwise progeny production must be prevented chemically, e.g., by adding FUdR. In order to check for possible effects of FUdR on longevity and survival characteristics, survival was monitored in parallel experiments, in the presence and in the absence of FUdR. The cadmium-resistant strains were isolated in the logic of an indirect screen for novel long-lived mutants. Direct screens are extremely laborious because one only knows which individual is long-lived after it has become postreproductive. Thus thousands of clones would have to be subcultured and assayed for life span. Longlived mutants such as age-I and daf-2 show multiple stress resistance (oxidative stress, UV stress, thermal stress). We hoped to find some long-lived mutants among the cadmium-resistant lines, also resulting from pleiotropic effects connected to metal-resistance, but found five short-lived lines (jrI9, jr25, jr30, jr33, jr39) .0001). The mutation m20 was reported to suppress life extension caused by el370 completely in bacterial culture (17) .
RESULTS
Mean Life Spans
All life spans are extended by about 20% resulting from the shift back from 25°C to 22-23°C, once the worms became postreproductive. The rationale for doing so was our concern that C. elegans suffers from thermal stress at 25°C, as suggested by the marked decline of fecundity at that temperature (27) .
Model Fitting
Global survival functions including Gompertz, Weibull, and logistic were examined for their ability to fit survival curves of control strains with unaltered life expectancies, and short-and long-lived strains, because they can be more readily interpreted in terms of underlying biologic mechanisms. The Wilson errors listed in Table 1 show convincingly that the three-parameter logistic equation yields superior fits in most experiments (55/77). The two-parameter models give best fits that are more erratically distributed over the data set, with no obvious preference for the genotypes or additives such as FUdR. When the three-parameter logistic is ignored, Gompertz, Weibull, and the two-parameter logistic gave best fits in 14, 23, and 40 out of 77 survival experiments, respectively. We interpret this degree of inconsistency as resulting from the small population sizes. Indeed, statistical analysis of the mean Wilson errors indicate that the quality to fit the data is in the order: threeparameter logistic > two-parameter logistic = Weibull > Gompertz. On the other hand, many curve fits are very close to each other according to the Wilson errors reported in Table 1 , and it is not clear how much difference would be statistically significant. We have pooled survival data as an alternative to deal with inconsistencies resulting from small population sizes (Table 1 , bottom). Survival data that were generated in parallel experiments (simultaneously initiated cohorts) were combined forming five separate pools. The most impressive results are from the pooled cadmiumresistant mutants and fer-15(b26) that have similar life spans (pools 1-3 comprising 539, 428, and 824 worms, respectively). By combining pools 1-3 we then formed a large population comprising 1809 individuals. A caveat is in order here, however. Indeed, computer simulation showed that pooled sets of nonlogistic-like data can be best fit by a logistic model if the mean life spans are divergent. Our pooled data comprise such entries, but they are scarce. Pooling of Gompertz-like survival data having similar mean life spans but different "slopes" did not affect the curve type. Considering the restraints of the approach and data, we feel that this analysis suggests that (a) the Gompertz mortality model for axenically cultured C. elegans is inappropriate in most cases, (b) that the three-parameter logistic performs very well, but (c) that the two-and three-parameter logistic models tend to give similar fits as the population size increases. This effect is illustrated in Figure 2 .
In several experiments (Nos. 8, 10, 14, 25, 38, 41, 42, 45, 50, 53, 57, 58, 61, 77) the Wilson error values obtained for Gompertz and the three-parameter logistic were very similar or even identical over 4 or more digits. In these cases the third parameter b became very large and seemed to tend to infinity. Notes: 2p, two-parameter; 3p, three-parameter; temp, temperature; SD, standard deviation; SE, standard error. TJ411 and TJ412 are separate reisolates of age-l(hx542). Biphasic = bimodal; the population seemed to be composed of two almost equal fractions that had different mortality dynamics. *25°C during reproductive period, then shifted back to room temperature (22-23°C). Table 1 and representing a population of 1809 worms. The insert shows a plot of the data with a logarithmic scale to highlight the fits at advanced age.
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The parameter values for fits of the 4 equations to the survival data of strains with altered longevity are reported in Table 2 . The Gompertz parameter G and the threeparameter logistic parameter k generally decrease with increasing life expectancy, whereas the Weibull parameter b and the logistic parameter c increase. The second parameter values of the two-parameter equations (Gompertz A o , Weibull a, logistic b), as well as the parameter a of the three-parameter logistic, display uncorrelated variation. The variation of the b parameter values of the former is most striking: whereas most values are in the 0.06-1.2 range, with no obvious correlation with life span, some run up into millions, positive as well as negative. In these cases, the a and k values are identical with the Gompertz A o and G values, respectively. Concurrently, the curve fits of both equations were superior to Weibull and two-parameter logistic (Table 1 ). This simply means that the three-parameter logistic and Gompertz equations coalesce when b is allowed to approach infinity. In fact G (Gompertz) and k (three-parameter logistic) describe life expectancy, Ao (Gompertz) and a (three-parameter logistic) describe the steepness of the survival curve, and b (three-parameter logistic) models the tailing of the curve. As \b\ increases, the tail decreases. Very large values of b define the absence of any tailing, and the curve becomes a Gompertzian one.
The b and c parameter values of the Weibull and twoparameter logistic equations are related to the mean life spans of the genotypes. The logistic parameter c values are almost identical with the respective life expectancies. Indeed, the trajectories defined by the two-parameter logistic equation are symmetrical at an internal point situated at half height, which coincides with median life span in survival curves. The very good matches of mean life span and the c parameter value then illustrate the generally equally good matches of mean and median life span. The Weibull a and logistic b parameter both define the steepness of the curves. Because there is no correlation with age (r 2 = .160 and .128 for Weibull and logistic, respectively), it follows that the shapes of the survival curves of the short-and longlived mutants can be fairly well predicted from Weibull and logistic fits to wild-type controls by changing the b (Weibull) or c (two-parameter logistic) values solely. This is illustrated in Figure 3 . Here, a two-parameter logistic curve was developed with parameters b = 8.884 and c = 32.76, which follows the survival of strains with wild-type longevity at 22-23°C, and with b = 11.55 and c = 28, which follows wild-type survival at 25°C. Then, b was held constant and c was set 101 in the upper panel and 17 and 98 in the lower panel. As can be seen, the steepness of the deduced survival curves decreases or increases inversely with the c values, and the actual survival curves of the short-and long-lived mutants follow the predicted alteration of steepness quite well.
Usually we obtained very similar survival curves when an experiment was repeated. The slopes for daf-2 daf-12 in Figure 3 illustrate a rare exception. The upper portion of the curve above the bend at 120 days of age is a nearly straight line, whereas the Weibull model produced excellent fit (not shown) to the lower portion of the curve. A similar bimodal shape was reported previously for this genotype in bacterial culture (18) .
DISCUSSION
Whereas all three two-parameter models fit survival of 95% of the population very well, deviation from the data usually occurs at one or both ends of the sigmoidal curves (21) . At these ends the models predict fundamentally different shapes; e.g., the natural logarithm of mortality rate against age generates a straight line in the Gompertz model, the Weibull model yields a concave curve that levels off to reach a plateau, and the two-parameter logistic equation defines a curve that is similar to the Weibullian initially, but may decline again with increasing age (Figure 1 ). The importance of modeling survivorship lies in the potential underlying biologic relevance. Thus the Gompertz model assumes that mortality rate ever increases with age, driven by the exponential rate of aging parameter, which is thought to reflect the genetically determined species-specific force of senescence (19) . Therefore, at least in these cases, the Gompertz model fails to describe aging accurately, and the biologic assumptions underlying it may have to be rethought. Two-stage Gompertz models have been proposed that better match survival at older ages. In these models a second slope parameter replaces the first at a chosen breakpoint age. Whereas the resulting trajectories do provide better fits to the empirical shapes of the survival curves, they also imply novel regulatory mechanisms acting late in life. We have shown here that the three-parameter logistic model has a similar effect. In this model the third parameter is continuously actively modulating the trajectory defined by the parameters a and k at the tail of the curve (Figure 1) .
Although three-parameter models do describe survival trajectories quite adequately, it must be stressed that this effect accompanies the introduction of an additional curve parameter, relative to the two-parameter models. Thus the improved fits of such models may be based on pure mathematical rather than biologic properties, as also noted by Wilson (21) . In this respect it should be stressed (a) that both the Weibull and two-parameter logistic models provide trajectories that automatically level off at old ages, and (b) that our results demonstrate that two-and three-parameter logistic models perform equally well when the population size is large enough. In essence the curve parameter estimation is reduced because of the small population size, and the three-parameter logistic is sufficiently flexible to provide good fits to a variety of survival assays, as previously pointed out by Wilson (21) . We conclude that survival data of axenic C. elegans are best fitted by a simple two-parameter logistic function. An added advantage is the ease of fitting the two-parameter logistic (and Weibull) function, which virtually never poses problems of getting trapped in local minima. We interpret the excellent fitting adequacy of the twoparameter logistic, and to a lesser extent the Weibull function, to survival of C. elegans in axenic culture as follows. Life expectancy is genetically determined: it coincides with mean life span and the shorter and longer individual life spans only represent statistical fluctuation. The life spanprolonging and -shortening mutations studied here define a novel setting of life expectancy, but they do not appear to fundamentally alter the aging process, the nature of which is still elusive. Any genetic alteration capable of up-regulating protective and repair processes would then delay the onset of the aging process and lengthen life span.
We are not aware of any study aimed at modeling survival of C. elegans in bacterial culture. Since the pioneer work of Johnson (19, 28) , it has been generally accepted that this worm follows the Gompertz mortality model. Visual inspection of published survival curves detects both Gompertz-and logistic-like curves (unpublished observations). A preponderance of nonlogistic survival in bacterial culture might very well reflect differences of environmental conditions and, in this particular case, nutritional regime, as suggested by Wilson (21) . In this respect it is worth mentioning that there has been some controversy in the past as to whether worms grown on a bacterial diet die prematurely by toxins given off by the bacteria (29, 30) . De Cuyper and Vanfieteren (31) observed that worms transferred from axenic to monoxenic culture and vice versa (using antibiotics) near adulthood displayed survival patterns reminiscent of the final nutritional regime. Extension of life span by caloric restriction in axenic culture complicates correct evaluation of this result, however. To the best of our knowledge, the problem of putative bacterial toxins was eventually abandoned. However, we did notice on several occasions that worms reared in mass culture on E. coli may sporadically become infected with bacterial cells at advanced age, particularly at the vulvar and rectal regions, while still alive. At present it is not clear whether precocious death following baterial infection in monoxenic survival experiments is a sufficiently frequent event to make a logistic curve tail to look like a Gompertzian one.
